Isocyanates are a group of low molecular weight, highly reactive compounds with a functional isocyanate group. The main human exposure route is via inhalation of airborne isocyanates, although dermal exposure has also been reported. The inhalation of isocyanates is associated with severely adverse health effects such as asthma, inflammation in the respiratory tract and cancer. During thermal degradation of polyurethane materials, airborne isocyanates can be sampled in the fire effluent. This paper discusses the reactivity and commercial applications of isocyanates and the generation of airborne isocyanates during thermal degradation, the human health effects as well as the environmental fate of some of the most commercially important isocyanates. This is followed by a review of the generation of isocyanates from large-scale fire testing and bench-scale test methods as well as sampling techniques and derivatisation agents necessary to stabilise the isocyanates and analysis.
Introduction
Isocyanates are a family of highly reactive and relatively low molecular weight aromatic and aliphatic compounds. The family is defined by the isocyanate functional group (−N = C = O). Most commercial isocyanates contains one isocyanate group (mono-isocyanates) or two isocyanate groups (di-isocyanates), attached to an aliphatic or an aromatic moiety (Avar et al. 2012) . Inhalation of isocyanates is the most important human exposure route and may result in respiratory sensitisation (Kimber & Dearman 2002) . There is also limited evidence that dermal contact may result in human respiratory sensitisation (Pronk 2006) . The high chemical reactivity of isocyanates are reflected in their toxicity, as exposure to isocyanates is one of the most common causes of occupational asthma in developed countries (Redlich & Karol 2002; Lockey et al. 2015) . Additionally, low concentrations of airborne isocyanates are acutely toxic following inhalation, and the production of isocyanates and products containing isocyanates is therefore heavily regulated from a health and safety at work perspective (Mishra et al. 2009 ), particularly polyurethane (PU) based foams, fillers and coatings. However, airborne isocyanates have also been sampled in fire effluent from building materials during the early stages of fire development .
Isocyanates are widely used in the manufacturing of flexible and rigid PU foams (PUF and PUR respectively), soft furniture and insulation in buildings as well as fridges and freezers respectively (Avar et al. 2012 ). In addition isocyanates are used in the manufacturing of fibres, paint and varnish formulation, and are increasingly used in the automobile and aerospace industry as co-monomers for paints and lacquers (Avar et al. 2012; Boutin et al. 2004; No et al. 2014 ). Due to their versatility and wide range of applications, isocyanate-containing products can be found in most homes as well as office and public buildings. The two main products in the isocyanate market, with an approximate market share of 90 %, are both di-isocyanates: isomers of toluene-diisocyanate (TDI) and diphenylmethane-di-isocyanate (MDI), see Table 1 (Twitchett 1974; Market and Markets 2014) . The global production of di-isocyanates was estimated at six billion metric tonnes in 2007, which is 35 % higher than in 2000 (Markets 2014) . It is estimated that the annual increase in production for isocyanates in the next years will be approximately 7 %, mainly due to an increased demand for TDI and aromatic isocyanates as well as 1,5-naphthalene di-isocyanate (NDI) in paint and coating industry (Market and Markets 2014) . In 2019, the global annual production of isocyanates is estimated to be worth around $39 billion (Market and Markets 2014) . One of the main end-product categories for isocyanates are PUF and PUR foams as well as polyisocyanurate (PIR) foams (Markets and Markets 2011) . TDI is mainly used for the production of flexible foam but can also be used in lacquers. MDI is used to produce rigid foam, as a base for glues or as a binder in sand moulds for iron casting (Dahlin 2007) . Isocyanates such as hexamethylene di-isocyanate (HDI) and isophorone di-isocyanate (IPDI), are used in applications such as coatings as these compounds are UV-resistant (Karlsson et al. 1998) . Aromatic isocyanates like TDI and MDI oxidize when exposed to UV-light and are therefore not suitable to be used in outdoor coatings (Rogers & Long 2003) . Besides insulation foams, PU sprays containing isocyanates have been developed for a wide range of applications to protect concrete, wood, steel and aluminium constructions and fibreglass (Avar et al. 2012 ).
This article is a review of isocyanates present in common material found in buildings such as PU insulation and upholstery furniture foam as well as the generation of isocyanates during thermal degradation of these materials. The first part of this review discusses the reactivity and commercial applications of isocyanates and the thermal degradation of materials generating airborne isocyanates. The second part summarizes toxicological findings from both high, acute doses as well as chronic low doses after exposure to airborne isocyanates. This part also includes a comprehensive overview of legislation for airborne isocyanates and a discussion of human exposure. The third part of this review discusses the generation of isocyanates in fire effluents by bench-scale and largescale fire tests, different sampling techniques and agents for derivatisation airborne isocyanates and detection techniques. This is to the authors' knowledge the first time a review about the sampling, analysis and toxicity of isocyanates generated from fires have been made.
Isocyanates: reactivity and generation during thermal degradation

Reactivity and commercial applications of isocyanates
The most common, industrially used isocyanates are presented in Table 1 . In general, mono-isocyanates have a lower molecular weight than di-isocyanate and are in comparison more volatile. Due to the adjacent double bonds in the NCO group, isocyanates are very reactive (Krol 2007) . Within the isocyanate family, aromatic isocyanates are the most reactive, due to the negative charge shift towards the direction of the aromatic ring structure (Ulrich 1967 ). This in turn causes the carbon atom of the isocyanate group to have a greater delta positive charge in aromatic isocyanates (Ulrich 1967) . Additionally, di-isocyanates such as MDI are generally more reactive than mono-isocyanates and initially exhibit the same reactivity in both NCO-groups (Pascault et al. 2002) . However, substantial differences in isocyanate reactivity can be observed depending on the double bond position within the isocyanate chain, i.e. primary group or secondary group, as well as potential intramolecular forces, such as covalent or ionic bonds holding together the atoms in the compound, and the substitution effect for some of the di-isocyanates or urethane-isocyanates (Krol 2007) . The substitution effect is a decrease in reactivity of the second NCO-group after the first NCO-group has reacted (Pascault et al. 2002) .
Isocyanates are widely used in the production of PU foams. To synthesise PU, an isocyanate is combined with a polyol and a urethane bond is formed. PU is very versatile polymer with its texture ranging from soft to rigid, and the production involves isocyanates with two or more functional groups reacting with polyols (Avar et al. 2012) . The first PU foam to be synthesised was PUR 1937 (Bayer 1947) , exploiting the reaction of aliphatic isocyanates with a diamine formed a polymer which had a high melting point as well as hydrophilic properties (Chattopadhyay & Raju 2007) . For the production of flexible foams, such as PUF, TDI is mostly used as an 80/20 mixture of the 2,4-and 2,6-isomers (TDI 80) (Saunders 1973) . However, to meet the demand of particular applications and more specialised products, the composition and ratio of isocyanates and polyols are varied during synthesis of PUR products (Saunders 1973) . PIR foams can theoretically be created with no polyol, using only isocyanates reacting with other isocyanates (Avar et al. 2012) . However, commercially available PIR foams are usually PUR foam with polyisocyanurate added (Avar et al. 2012) .
During the polymerisation step isocyanates can form dimers as well as trimers (Levchik & Weil 2004) . Whereas the dimer formation is readily reversible, the isocyanurate ring formed by the trimerisation is extremely stable (Levchik & Weil 2004) . The thermal stability of PUR materials, and in particular rigid foams at high temperatures, is affected by the ratio of these isocyanurate cross-links distributed in the material (Levchik & Weil 2004) .
Isocyanate generation during thermal degradation
Isocyanates are generated during the thermal degradation of any PU based material . Overall, nitrogen-containing compounds, such as isocyanates and organo-nitriles, will be generated during thermal degradation of PU foams heated to about 400°C (Hull & Paul 2007) . The most studied materials for the generation of isocyanates during thermal degradation are PUR and PIR foams. The thermal degradation of isocyanate-based PUR foams has been described as a two-or three-stage process (Jiao et al. 2013; Allan et al. 2014; Sui et al. 2014; Lefebvre et al. 2004; Woolley 1972 ), see Fig. 1 .
When the temperature during an initial heating of PUR foam materials were increased to 200°C, the blowing agent, such as CH 3 CCl 2 F, and other small molecules were released (Jiao et al. 2013) . The observed weight loss in this initial stage was approximately 3 %, suggesting that the chemical bonds in the polymer were unbroken and that no isocyanates were released (Jiao et al. 2013) . In the first step of the thermal degradation process, starting from around 200°C, the urethane bonds in the polymer are broken (Allan et al. 2014) . In this stage, a high amount of isocyanates and polyols are released as a yellow smoke (Levchik & Weil 2004; Jiao et al. 2013; Woolley 1972) . The other studies also discussed a volatile yellow smoke which was assigned to the tolylene diisocyanate unit released at low temperatures (200-300°C) (Woolley 1972) . According to Woolley, the free TDI released during thermal decomposition, which is very reactive, polymerizes with itself to form the particulate yellow smoke, which is thus a TDI polymer. Studies of the yellow smoke show a similar elemental composition to TDI, but with slightly higher hydrogen and carbon content. It is proposed that yellow smoke involves the loss of C and O from the TDI, and that the most likely structure is a polymeric isocyanurate. Another possibility is carbodiimide formation. (Woolley 1972; Woolley & Fardell 1977) .
As the temperature increases the polyol segments start to decompose into aliphatic ether alcohols (Allan et al. 2014) . Above 300-500°C the remaining residues decompose into volatiles such as CO, CO 2 , benzene alkyls and aliphatic alcohols with branched chains (Allan et al. 2014; Jiao et al. 2013) . The rate of the thermal degradation of isocyanate-based materials is increased in the presence of oxygen (Jiao et al. 2013; Levchik & Weil 2004) . At higher temperatures, from 800 to 1000°C, the isocyanates in the yellow smoke degrades into low molecular weight nitrogen containing compounds, mainly hydrogen cyanide (Woolley 1972) .
The initial degradation temperature of the urethane bond in PUR foams is dependent on the structure of the isocyanate and the alcohol used (Chattopadhyay & Webster 2009 ). Easily formed PU polymers, containing the more reactive aromatic and/or di-isocyanates, generally decomposes rapidly, at low to moderate temperatures (120-180°C), to release isocyanates. PU polymers formed by alkyl and/or mono-isocyanates decomposes at a higher temperature, (200-250°C) to release isocyanates (Chattopadhyay & Webster 2009; Song et al. 1996) .
Isocyanates and human health issues
Impact on human health
Most isocyanates can be absorbed into the body by inhalation, ingestion and through the skin, although the main exposure route is inhalation of isocyanate vapours or aerosols (Pronk 2007; Pronk 2006; Hulst et al. 2015; Fisseler-Eckhoff et al. 2011 ). In fire effluents, isocyanates are classified as an organic irritant gas, i.e. they are not asphyxiants, but they exhibit an adverse effect on the respiratory system (Stec & Hull 2011) . However, it is difficult to determine the health impact of isocyanates in fire gases because they are masked by effects of many other irritant gases, such as nitric oxide and aldehydes present after the combustion of PUs (Stec & Hull 2010) . A summary of the toxicological effects of isocyanates for different endpoints is presented in Table 2 .
Published literature from both animal and clinical studies evidently demonstrates uptake of isocyanates via the respiratory tract or dermal exposure and excretion after metabolism via the urine (Cocker 2011; Bernstein et al. 2006) . In general, the metabolism and toxicokinetics of isocyanates are not well understood (Cocker 2011) . Studies have shown that rapidly after exposure the isocyanates are hydrolysed to isocyanate-derived amines and eventually excreted through the urine (Brorson & Skarping 1990; Austin 2007) . For instance, TDI is transformed to toluene-2,6-diamine (TDA), a Fig. 1 Main reaction steps for the thermal decomposition of rigid PU foams (PUR). 1) First step is the break of the urethane bonds. 2) and 3) further decomposition of the materials to primary amines, secondary amines, vinyl esters and carbon dioxide. Adapted from Jiao et al. (2013) (Jiao et al. 2013) No (Nehez et al. 1989) No (Nehez et al. 1989 Severe (Vernot et al. 1977) Severe (Vernot et al. 1977) Toluene-2,4-diisocyanate (2,4-TDI) (Bolognesi et al. 2001) No (Zocca et al. 1990) Yes (Buschmann 1990) Insufficient evidence (Hughes et al. 2014) Lungs (Hughes et al. 2014) Irreversible decline in pulmonary function (Centers for Disease Cotrol and Prevention 2015e)
Yes (Zocca et al. 1990) Yes (Zocca et al. 1990) Yes (Zocca et al. 1990) Yes (Zocca et al. 1990) Isophorone Impotence has been reported in fire fighters, though thought to be due to an indirect neurological effect rather than direct effect on the male genitals N/A indicates level not available/not applicable potential carcinogen (Austin 2007; Cocker 2011 ; Centers for Disease Cotrol and Prevention 2015a). Primates exposed to the yellow particulate smoke from PU foams pyrolysed under nitrogen at 300°C in an early version of the ISO 97000 tube furnace, demonstrated the smoke as a potent respiratory tract and deep lung irritant (Purser & Woolley 1983) . Immediate signs of bronchoconstriction, respiratory tract and deep lung irritation were observed during exposure, followed by the development of pneumonia and oedema a few hours after exposure (Purser & Woolley 1983; Purser & Grimshaw 1984; Purser & Buckley 1983) . In one case, the exposure to the yellow smoke proved to be fatal (Purser & Woolley 1983; Purser & Grimshaw 1984; Purser & Buckley 1983) . Based on these findings, it is likely that the yellow smoke containing partially polymerised TDI is a major contributor to the overall irritancy observed when exposed to fire effluent from PU foams, affecting both escape capability as well as post-exposure morbidity and mortality resulting from lung inflammation.
The first recording of asthma from exposure to isocyanates in a PU factory was made by Fuchs and Valade 1951 (Fuchs & Valade 1951) . In general, exposure to isocyanates are irritating to the skin, mucous membranes, respiratory tract as well as the eyes (NIOSH 2004) . The most common adverse health effect associated with the exposure to isocyanates is asthma due to sensitisation (NIOSH 2004; Piirilä et al. 2008) , where the isocyanates readily conjugates with proteins in the epithelial cells in the lungs (Wisnewski et al. 1999 ). These conjugates have been suggested to be the major antigens to trigger airway inflammation (Wisnewski et al. 2005) . The correlation between dermal exposure to isocyanates and the development of asthma in humans is not well defined (Rom & Markowitz 2007) . Furthermore, methyl isocyanate (MIC), although associated with other severe acute health effects such as pulmonary oedema and bronchoconstriction, is not described as a sensitizer (Rom & Markowitz 2007) .
Studies on both animals and humans have demonstrated general inflammation in the respiratory tract, a non-immune response, as well as immune mechanisms such as di-isocyanate specific antibody production and T cell response after exposure to di-isocyanates, (Redlich & Karol 2002; Lockey et al. 2015) . It has been suggested that the conjugates of isocyanates and epithelial cells can trigger responses in the immune system, and could be the cause of sensitisation upon repeated exposure (Wisnewski et al. 1999) . Patients diagnosed with occupation asthma from HDI generally produce specific immunoglobulin E (IgE) antibodies (Dykewicz 2009 ). IgE antibodies are associated with hypersensitivity and allergic asthma (Rhoades & Pflanzer 2003) . In contrast, only a minority of patients with occupational asthma caused by TDI produce specific IgE antibodies (Dykewicz 2009 ).
It usually requires months to years of exposure for an individual to develop asthma after isocyanate exposure, however, there are reports of development of asthmatic condition after exposure to a single high dose (Bernstein et al. 2006 ; Centers for Disease Cotrol and Prevention 2015b; Centers for Disease Cotrol and Prevention 2015c; Centers for Disease Cotrol and Prevention 2015e). An asthmatic attack may occur immediately after exposure, or several hours after exposure or a combination of both immediate and later reactions (NIOSH 2004) . In addition, only approximately one third of patients diagnosed with isocyanate-induced asthma will recover fully despite a complete avoidance of exposure to isocyanates (Rachiotis et al. 2007 ). This ratio does not seem to be related to the duration of avoidance (Rachiotis et al. 2007 ). In order to avoid any exposure resulting in occupational, isocyanate-induced asthma, a major effort has been made to identify occupational risks as well as early physiological signs (Piirilä et al. 2008; Pisati et al. 2007 ).
Other, less prevailing adverse health effects are irritant and allergic forms of contact dermatitis, with symptoms as rashes, itching, hives and swelling of extremities (NIOSH 2004; Streicher et al. 2000 ). Another less common effect from isocyanate exposure is hypersensitivity pneumonitis, an inflammation of the alveoli caused by inhaled isocyanate particles (Lockey et al. 2015; Vandenplas et al. 1992) . In terms of lowdose and chronic exposure, it has been suggested that isocyanates, together with carbon monoxide, cyanide, nitrogen dioxide as well as a low oxygen concentration can cause irreversible damage to the bronchi and alveoli and acute respiratory function (Choi et al. 2014) . A summary of human health effects for individual isocyanates are presented in Table 1 .
Isocyanates are also of interest in the field of genetic toxicology because they may act as electrophilic agents and react with DNA to produce genetic damage. Diisocyanates have been found to form adducts with haemoglobin, in particular in long lived cells such as peripheral blood lymphocytes, in relatively high concentrations after cumulative doses (Lindberg et al. 2011) . It has recently been demonstrated that isocyanates are capable of undergoing bio-transformation reactions, such as DNA damage, apoptosis, oxidative stress, and inflammation in cultured human lymphocytes and lung fibroblasts (Mishra et al. 2008) . These effects are closely linked with cancer initiation (Simone Reuter 2011; Jindal & Singh 2014; Lindberg et al. 2011) .
Five of the isocyanates, PHI, HDI, 2,4-TDI, 2,6-TDI and MDI have been classified by the International Agency for Research on Cancer (IARC) as potential carcinogens, see Table 1 . However, only 2,4-TDI and 2,6-TDI have been evaluated for their potential carcinogenicity, for the other isocyanates the data has been extrapolated from data obtained on studies with TDI. Isocyanates are not considered human carcinogens, although TDI is classified as an animal carcinogen and MDI as a suggested animal carcinogen (Rom & Markowitz 2007) . Additionally, epidemiologic studies on mainly TDI and MDI foam production workers have not shown a higher prevalence for any cancer (Bolognesi et al. 2001) .
Furthermore, EIC, HDI and TDI have been described as potent acetylcholinesterase inhibitors (Brown et al. 1982) , with similar effects as nerve gasses such as sarin. This enzyme is essential for the breakdown of the nervous transmitter acetylcholine in the synapses (Rhoades & Pflanzer 2003) . The symptoms after exposure to an airborne acetylcholinesterase inhibitor vary from pupil constriction (myosis), bronchoconstriction and chest tightness for a minor exposure, through coughing and shortness of breath for moderate exposures, to severe bronchorrhea and bronchospasms and potential coma and rapid death for individuals exposed to a high dose (Rhoades & Pflanzer 2003) .
Hazard classification and legislation of isocyanates
Due to their toxicity, isocyanates are among the compound groups with the lowest occupational exposure limits (OEL). In the UK, the general requirements for controlling exposure to hazardous compounds, including isocyanates, are regulated in the Control of Substances Hazardous to Health (COSHH) Regulations 2002 (Health and Safety Executive HSE 2014) . As the effect from isocyanate exposure is mainly respiratory sensitisation, the Health, Safety, and Environment (HSE) have assigned two maximum exposure limit (MEL) values for this class of compounds: a timeweighted average (TWA) for an eight-hour working day, assuming 40 h of work per week, of 0.02 mg m −3 and 0.07 mg m −3 for a short-term exposure of 15 min (Health and Safety Executive HSE 2014) . In the US, levels set by the Occupational Safety and Health Administration (OSHA), TWA are 0.05 mg m −3 and 0.2 mg m −3 for an 8 h and a 10 min exposure respectively (Centers for Disease Cotrol and Prevention 2015c; Centers for Disease Cotrol and Prevention 2015e; Centers for Disease Cotrol and Prevention 2015b; Health and Safety Executive 2011) .
A summary of different exposure levels for isocyanates from different agencies is presented in Table 3 . It should be noted that the levels stated by the OSHA and HSE are part of regulations, and that the levels stated by US Environmental Protection Agency (US EPA), The National Institute for Occupational Safety and Health (NIOSH), American Conference of Governmental Industrial Hygienists (ACGIH) and American Industrial Hygiene Association (AIHA) are guidelines. Furthermore, the UK HSE combines all isocyanate monomers and polyisocyanates into one single total value, using the NCO-group as the measurement for exposure, in comparison to the United States legislative and guideline levels, from agencies such as OSHA, US EPA and NIOSH, that concerns individual isocyanates (Rom & Markowitz 2007) .
As of March 2013, none of the isocyanates were included in the European Commission initiated Regulation on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) Annex XIV, a list of substances that require authorisation for continuous use in the EU (Agency 2015) . However, there are ongoing REACH substance evaluations for the most commercially important isomers of TDI and MDI that in the future may lead to further action such as restrictions in usage or authorisation .
Human exposure to isocyanates
There are data gaps in the health effects of monoisocyanates in comparison to di-isocyanates due to lower industrial production of mono-isocyanates. However, during one of the worst industrial disasters in the history of mankind, the Bhopal gas tragedy in India 1984, approximately half a million people were exposed to MIC (Eckerman 2005; Mishra et al. 2009 ). It is estimated that at least 3800 people were killed during or in the immediate aftermath of the accident and another 200 000 people were debilitated (Broughton 2005; Mishra et al. 2009 ). It has been reported that a majority, around 75 %, of all deaths occurred within the first 72 h of the accident (Mishra et al. 2009 ). At the time, no information was available about the toxic effects of MIC, meaning that there were no action taken as to how to minimise the impact (Mishra et al. 2009 ). The acute symptoms after exposure to MIC in Bhopal were respiratory distress such as pulmonary oedema and bronchoconstriction, irritation of the skin, profuse eyelid oedema and superficial corneal ulcerations (Eckerman 2005) . The subsequent long-term studies from the Bhopal accident reported pulmonary, ophthalmic, reproductive, immunologic, neurological, and hematologic toxicity among the survivors of the accident (Varma & Guest 1993) . However, most current studies are not focussed on the acute toxic effects after a single high dose of isocyanates, but on the occupational hazards of longterm exposure in lower doses and risks.
Human exposure to low doses of airborne isocyanates can for instance occur during spray painting cars using paints containing isocyanates. Reeb-Whitaker et al. (Reeb-Whitaker et al. 2012) reports of sampling of the airborne isocyanates HDI and IPDI in auto body shops in the US using two PTFE filters in series impregnated with 1-(2-pyridyl)piperazine (2-PP) and 9-(methyl-aminomethyl)anthracene (MAMA) respectively. The results from the study indicates a high occupational exposure for the two isocyanates, as eighty per cent of the samples contained concentrations above the OSHA STEL value (Reeb-Whitaker et al. 2012) . As a comparison, 98 % of the samples were above the UK HSE STEL (Reeb-Whitaker et al. 2012) . When analysing urine samples from workers in in vehicle repair shops, Williams et al. (Williams et al. 1999) found the metabolite of HDI, hexamethylene diamine (HDA), in four out of 22 spray workers and one by-stander, even with the use of personal protective equipment among the workers. HDA was not found in individuals not exposed to HDI (Williams et al. 1999) . Although the metabolism of HDI and oligomers of HDI is not well understood, there is seemingly a good correlation between the amount of airborne HDI and the amount of HDA excreted via urine (Brorson & Skarping 1990) . Several other studies have reported a similar correlation between TDI (Rosenberg & Savolainen 1986; Brorson et al. 1991; Persson et al. 1993 ) and IPDI (Tinnerberg et al. 1995) Ten minute exposure STEL Short-term exposure limit (15 min unless otherwise stated), AEGL1 Acute Exposure Guideline Level 1 "Notable discomfort, irritation, or certain asymptomatic non-sensory effects. However, the effects are not disabling and are transient and reversible upon cessation of exposure", AEGL2 Acute Exposure Guideline Level 2 "Irreversible or other serious, long lasting adverse health effects or an impaired ability to escape", AEGL3 Acute Exposure Guideline Level 3 "Life threatening health effects or death", ERPG2 Emergency Response Planning Guidelines level 2 "is the maximum airborne concentration below which nearly all individuals could be exposed for up to 1 h without experiencing or developing irreversible or other serious health effects or symptoms which could impair an individual's ability to take protective action", ERPG3 Emergency Response Planning Guidelines level 3 "the maximum airborne concentration below which nearly all individuals could be exposed for up to 1 h without experiencing or developing life-threatening health effects", TWA Time weighted average (8 h per day during 40 h week unless otherwise stated), REL Recommended exposure limits N/A indicates level not available/not applicable with their respective amines after human exposure and excretion via the urine.
There are further studies reporting the analysis of isocyanates in urine from exposed individuals. In a study from Brorson and Skarping (Brorson & Skarping 1990) , urine samples from exposed volunteers were collected and analysed for HDA. Additionally, Blomqvist et al. found traces of 2,4-TDA and 2,6-TDA, the amine derivatives from the TDI isomers, in individuals exposed to isocyanates during large-scale fire tests even though the exposed individuals wore protective masks. However, there are some issues with using the corresponding amine derivative of an isocyanate as a biomarker for isocyanate exposure; the analysis of biomarkers in urine is complicated due to the high reactivity of the analytes, as well as uncertainty regarding the toxicokinetics and metabolism of individual isocyanates or mixtures of isocyanates (Rom & Markowitz 2007) .
In a study by Mirmohammadi et al. (Mirmohammadi et al. 2010 ) the concentration of airborne HDI in PUR factories as well as the HDA concentration in urine samples from workers in the factories were investigated. The airborne isocyanates were sampled by impingers containing tryptamine (Mirmohammadi et al. 2010) . High concentrations of HDI, 88 μg m −3 , was found in the air samples from the factories and all 50 urine samples from the workers contained HDA. Moreover, Creely et al. (Creely et al. 2006) investigated the exposure of airborne isocyanates in PU industry sectors using a single glass fibre filter impregnated with the 1, 2-MP reagent. Out of 70 samples taken from different steps during the PU manufacturing process, such as moulding, storage sawing and spraying, only three samples exceeded the UK HSE TWA limit (Creely et al. 2006) . However, when analysing urine sampled from the same workers included in the air sampling survey for HDA, TDA and the amine derivate for IPDI, isophorone diamine (IPDA), 37 samples were found to contain concentrations of at least one of the amine derivatives investigated (Creely et al. 2006) . The main conclusion from the study therefore that biological uptake might occur in workers despite low ambient concentrations of airborne isocyanates (Creely et al. 2006) .
In one of the few studies investigating fire related exposure to isocyanates, Axford et al. (1976) suggested that permanent or long-term damages to the respiratory tract among a group of fire fighters could be caused by TDI, however the results were inconclusive (Axford et al. 1976 ). Out of the 31 firefighters exposed to a single, high dose of TDI and investigated for effects on the respiratory system, 14 had persistent symptoms, mainly cough and/or chest tightness (Axford et al. 1976) . Four years after exposure there were some evidence that 43 %, 15 out of the 35 firefighters exposed, had sustained permanent damage to their respiratory tract (Axford et al. 1976 ).
Sampling and analysis of isocyanates in fire effluents
Generation of isocyanates in fires and fire tests
Isocyanates are generally produced during the early stages of fire (Woolley 1972) . Some of the PU based insulation materials are highly flammable and can spread the flame fast when ignited (Marlair et al. 1993) . The flammability of PUR, and in particular PUR foams, is strongly dependant on the structure of the polyol as well as the isocyanate used and their ratio (Levchik & Weil 2004) . Another highly important factor for the flammability and flame spread is the density of the foam, where highly porous, lightweight materials tend to have a fast combustion and flame propagation rate as well as a high thermal radiation (Levchik & Weil 2004; Lefebvre et al. 2004) . One approach to reducing the flammability of PUR foams is to add more isocyanate to the formulation before polymerisation, in order to allow the isocyanate to trimerise, forming an isocyanurate ring, of higher thermal stability than the urethane or other linkages (Dominguez-Rosado et al. 2002; Ashida et al. 1997) .
Large-scale fire tests have historically been essential in advancing the understanding of fire behaviour and the generation of toxic products. Real large fires and tests are designed to replicate several different stages of the fire as well as the change over time (Stec et al. 2010 ). However, these experiments are complex in their set-up, with combustion conditions varying over both time and space, resulting in poor repeatability. Moreover, the measurements are dependent on the positioning or mounting of the material to be analysed, making the results difficult to interpret and to reproduce (Stec et al. 2009 ). Other disadvantages of large-scale fire tests are the time-consuming preparations as well as the high cost associated (Stec et al. 2009 ). In addition, there are currently very few standardised fire scenarios or procedures available for large-scale fire toxicity studies. It is therefore beneficial to study the generation of isocyanates by bench-scale testing methods as a complement to large-scale fire testing. A summary of the studies reporting generation of isocyanates in bench-scale testing and in large-scale fire testing are presented in Table 4 .
One of the standardised large-scale fire tests used for generation of isocyanates is the standardised room test (ISO 9705) (Hertzberg et al. 2003) , The ISO 9705 test is a large-scale fire test method for assessing fire properties of surface materials (Hansen & Hovde 2002) .
Fent et al. (Fent & Evans 2011 ) used a denuder system with dibutyl amine (DBA) coated filters attached to fire ) and traces of other isocyanates N/A indicates level not available/not applicable fighters to sample isocyanates generated from vehicle fires. The main conclusion from this study was that passenger compartment fires produced detectable levels of airborne isocyanates originating for the foams used for the seats (Fent & Evans 2011) . No isocyanates were detected in samples from engine fires where foams were absent (Fent & Evans 2011) .
Bench-scale testing methods can be subdivided into those developed to replicate a single stage in the fire or a small fire from beginning to end, the latter preventing isolation of individual fire stages. There arebench-scale testing methods with constant combustion, such as the DIN 53436 furnace and the smoke chamber (ISO 5659-2) (Stec & Hull 2010) . The DIN 53436 furnace offers a wide range of well-controlled combustion conditions, and both well-ventilated as well as under-ventilated combustion conditions can be simulated (Gann & Bryner 2008) . Another bench-scale method for generating fire effluents is the cone calorimeter (ISO 5660). The cone calorimeter is a small scale fire test where the material have an unlimited access to oxygen, meaning that the combustion condition for this test is inevitably well-ventilated (Blomqvist et al. 2014) .
The smoke chamber (ISO 5659-2) was originally designed to evaluate the smoke development from burning materials, in order to assess the visual obscuration during a fire, in a closed passenger compartment (Stec & Hull 2010) . It can give a good indication of visual obscuration because the light source and photocell are mounted vertically from top to bottom of the chamber. It has also been used in attempts to quantify the toxic smoke yield for materials burning during well-ventilated conditions, but the flaming is extinguished before the fire develops into the later, under-ventilated conditions (Stec & Hull 2010) . Therefore, the smoke chamber gives no information about the variation of yield during different stages during the fire (Stec & Hull 2010) . Another disadvantage with the smoke chamber is the poor reproducibility because the fire plume must be sampled at fixed position(s) in the chamber (Stec et al. 2014) .
The steady state tube furnace (ISO TS 19700) was developed to replicate different stages of fires on a bench-scale (Stec et al. 2008a) . The principle of the ISO TS 19700 tube furnace is a fixed rate feeding of the sample into a furnace under a fixed air supply (Stec et al. 2008b ; Stec & Hull 2010) . A good correlation between the yields for several of the major acute toxicants from fires such as CO and hydrogen cyanide (HCN) generated from large-scale tests and the steady state tube furnace has been shown (Hull et al. 2008 ).
Boutin et al. (Boutin et al. 2004) reported of the analysis of airborne isocyanates sampled from the effluent of car paint thermally degraded by the DIN 53436 furnace. The car paint in this study was thermally degraded under conditions thought to represent flaming combustion, or oxidative degradation (Boutin et al. 2004; Boutin et al. 2006) . The airborne isocyanates generated were sample using impinger flasks and 1-(2-methoxyphenyl)piperazine (1,2-MP) as derivatisation agent. Results from the study revealed a non-negligible generation of airborne alkenyl as well as aliphatic isocyanates from the thermal degradation of PU car paint (Boutin et al. 2004) .
In a study by Hertzberg et al. (Hertzberg et al. 2003 ) airborne isocyanates from 23 common materials found in buildings were sampled after being generated by a cone calorimeter. The airborne isocyanates were collected by impinger-filter and were derivatised by DBA (Hertzberg et al. 2003) . The main findings from these initial small scale tests were that all nitrogen-containing materials included in the study produced isocyanates upon thermal degradation (Hertzberg et al. 2003) . Airborne isocyanates were also sampled from a ISO 9705 using a sofa containing PUF (Hertzberg et al. 2003) . The experiment went to flash over, meaning that the combustion occurred during under-ventilated conditions (Hertzberg et al. 2003) . The relatively high amounts of isocyanates measured, mainly ICA, but also MIC, PHI and 2,4-TDI, from this test were considered a potential health hazard (Hertzberg et al. 2003) .
Additionally, significant concentrations of airborne isocyanates generated from the large-fire scale tests conducted by Hertzberg et al. (Hertzberg et al. 2003) , Blomqvist et al. (Blomqvist et al. 2003) , from the same set of tests, also reports a large-scale fire test conducted by burning mattresses containing PUF. The mattresses were burnt to produce enough heat and smoke to activate a sprinkler system according to the IMO Resolution A.800 . The isocyanate sampling, by impinger-filter using DBA as the derivatisation reagent, were positioned to simulate normal breathing height for people . The main isocyanate measured in this test was ICA, followed by lower concentrations 2,4-TDI and 2,6-TDI .
Using the steady state tube furnace, Blomqvist et al. (Blomqvist et al. 2007; Blomqvist et al. 2014) analysed the generation of isocyanates from materials such as PUR mattresses and insulation materials as well as PVC carpets and wood board. A correlation between the magnitude of the obtained yields for isocyanates from the PUR materials from the well-ventilated stage and yields from PUR from the cone calorimeter was reported (Blomqvist et al. 2007 ). Additionally, no significant difference between the yield of isocyanates from the PUR materials burnt at well-ventilated and under-ventilated conditions were observed (Blomqvist et al. 2007 ). Moreover, it was reported that the smaller and more volatile mono-isocyanates were found almost exclusively in the gas phase, whereas the non-volatile MDI never was found in the vapour phase but only in the particle phase of the fire effluent (Blomqvist et al. 2014) .
In a study by Lönnermark and Blomqvist (Lönnermark & Blomqvist 2006 ) significant concentrations of airborne isocyanates (ICA, MIC, EIC, PHI, 2,4 and 2,6-TDI, HDI and 2,4-and 2,6-TAI) from an automobile fire were also identified. The airborne isocyanates were sampled by impinger-filter and derivatised by DBA (Lönnermark & Blomqvist 2006) .
The Health and Safety Laboratory (HSL) studied the generation of low-molecular weight airborne isocyanates by heating a variety of isocyanate-based materials on a hotplate at 200 and 400°C alongside air samples taken during spot welding of PU coated car parts (Health and Safety Laboratory (HSL) 
Sampling of isocyanates
The sampling and analysis of airborne isocyanates in fire effluents are a challenging task as the functional group can occur as a range of chemical species, such as monomers, dimers, oligomers or polymeric form. Moreover, airborne isocyanates may be present as vapours, aerosols and absorbed on particulate matter or in the form of particulate polymerised isocyanate (Henneken et al. 2007; Woolley 1972) . Fire effluents are complex matrices containing a variety of substances, such as gases, vapours, particulates and aerosols of liquid droplets, that all have ability to interfere with the sampling and analysis of isocyanates. There are several methods for sampling and derivatisation of vaporised isocyanates in air described in the literature, such as impingers filled with derivatisation solution, or denuder with impregnated filters, see Table 5 . However, it should be noted that there is no generic sampling method suitable for all applications, meaning that the selection of the sampling method will affect the outcome of the study. Generally, the selection of sampling and analysis method for isocyanates in fire effluent depends on several factors; the chemical nature and physical state of the isocyanates, required sampling time, sampling set-up (personal or area), matrix and the required sensitivity of the entire method . However, all isocyanate sampling and analytical methods have limitations that will affect the results obtained , stressing the importance of making the correct choice of sampling method to meet the aim of the study.
The major advantage of collecting airborne isocyanates by impingers is the large sampling capacity (Henneken (Henneken et al. 2007 ). However, airborne particles could be pass through the impinger in air bubbles, and escape from the trapping solution. In particular, the impinger method does not efficiently wash all the particles between 0.01 and 1.5 μm. For the collection of airborne particles, in-line chemically treated filters coupled in series after the impinger, as an impinger-filter system, are usually used (Karlsson et al. 2000; BSI Standards Publication 2013; Health and Safety Executive HSE 2014; Creely et al. 2006) . The advantages of sampling airborne isocyanates by impinger is the simple set-up as well as the large sampling capacity and efficiency. However, the impinger sampling is impractical for personal air sampling, i.e. when investigating the exposure of workers by attaching a sampling device on their person. Additionally, during prolonged sampling with an impinger, the solvent containing the derivatisation agent could evaporate. Denuder or dry sampling methods, such as the ISO-CHECK® three stage filter system, as well as passive sampling methods where the isocyanates are absorbed onto a filter without using any pumps or other assistance, have been developed for personal sampling and/or prolonged sampling times (Marand et al. 2005; Gylestam et al. 2014; Henneken et al. 2006; Henneken et al. 2003; von Zweigbergk et al. 2002; Nordqvist et al. 2005) . Furthermore, these solvent-free, filter-based methods do not need any field preparation or fragile glassware, such as an impinger (Gylestam et al. 2014) . The stability of the collected isocyanates by a denuder system have also been described as superior to the impinger-filter method (Gylestam et al. 2014 ). However, due to the limited amount of derivatisation agent that can be used to impregnate the filters used for solvent-free sampling of isocyanates, such as denuder systems, the amount of isocyanates that can be sampled is lower than when sampling by the impinger-filter method (Gylestam et al. 2014) . Moreover, there is also a greater chance of carryover when larger quantities of analytes are present. These methods are therefore not suitable for quantitative purposes (Henneken et al. 2006) .
All in all, the impinger-filter method is the most suitable method for sampling the potentially high concentrations of isocyanates found in fire effluents, although there is need for immediate sample work-up after collection.
Derivatisation of isocyanates
As isocyanates are highly reactive compounds, there is need for rapid stabilisation after sampling (Henneken et al. 2006) . Some studies reports of sampling of isocyanates without derivatisation, either by collecting them on a modified polyphenylene oxide (MPPO) resin followed by thermal desorption (Bianchi et al. 1997) , or by direct injection via headspace (Harden & Shoff 1997) . However, these methods result in unnecessarily high limits of detection (Henneken et al. 2007 ). Several different derivatisation agents have been described, such as 2-PP (EPA 1997; Occupational Safety and Health Administration (OSHA) 1989a; Occupational Safety and Health Administration (OSHA) 1989b; British Standard Institution 2012), MAMA (ReebWhitaker et al. 2012; Persson et al. 1993) , 1-(9-anthracenylmethyl) piperazine (MAP) (Woskie 2004; NIOSH 1998; NIOSH 2003) , 1-(2-methoxyphenyl)piperazine (1-2MP) (NIOSH 8/15/94 1994; Molander et al. 2000; Thomasen et al. 2011; Boutin et al. 2006) , tryptamine (Wu et al. 1987 ), 9-anthracenylmethyl-1-piperazinecarboxylate (PAC) (Roh et al. 2000) , and DBA (Spanne et al. 1996; Karlsson et al. 2000; BSI Standards Publication 2013) .
When comparing the different derivatisation agents, Henneken et al. (Henneken et al. 2006) established that even though some of the established methods endorsed by agencies, such as the OSHA (Occupational Safety and Health Administration (OSHA) 1989a; Occupational Safety and Health Administration (OSHA) 1989b) uses 2-PP; derivatisation by MAMA and MPP achieves greater stability and sensitivity. Moreover, 2-PP also demonstrates stability problems if not properly stored before sampling (Streicher et al. 1996) .
The two derivatisation reagents MAMA and MAP share an anthracene moiety, used for sensitive UV and fluorescence detection. However, the response by fluorescence detection is heavily dependent on the structure of the isocyanate when analysing isocyanate-MAMA derivatives (Rando et al. 1995) . Studies evaluating the reactivity, analytical sensitivity as well as the applicability for different isocyanates species reported that MAP was superior in comparison to MPP, 2-PP and MAMA Bello et al. 2002) . The properties of MAP enables a more structure independent response when analysed by fluorescence detection in comparison to MAMA (Henneken et al. 2007 ). However, nonisocyanate compounds that reacts with MAP may potentially interfere with the quantification when analysed by liquid chromatography coupled to a UV-detector (LC-UV) (NIOSH 2003) .
1,2-MP is probably the reagent most commonly used for the derivatisation of airborne isocyanates (Henneken et al. 2007 ). However, studies have reported that the variability of UV detection for the isocyanate derivatives formed by 1,2-MP can sometimes render in unreliable results (Streicher et al. 1995) .
When using tryptamine as derivatisation reagent, the response for individual isocyanates by fluorescence and electrochemical detectors was found to be fairly structure-independent (Henneken et al. 2007 ). The disadvantages of using tryptamine are interferences from matrix components in the lower wavelength ranges (λ 275 nm) during UV detection as well as a reduced reactivity towards isocyanates as tryptamine is a primary amine, rather than a secondary amine (Henneken et al. 2007 ), such as DBA. Furthermore, PAC has more recently been introduced as another derivative reagent to form isocyanate-urea derivatives, and although the reaction is seemingly less structure dependant, the reaction rate is also slower than for other listed reagents (Roh et al. 2000) .
The reaction rate for DBA with isocyanates to form a urea-derivative was found to be rapid as well as selective towards isocyanate species, thus eliminating the issues with interfering compounds (Spanne et al. 1996; Karlsson et al. 1998 ). However, when using DBA as derivatisation agent for filters in dry samplers, the amine in itself is too volatile for adequate derivatisation of the analytes (Gylestam et al. 2014 ). Studies have therefore described mixing DBA with acetic acid to form a less volatile ion-pair (Gylestam et al. 2014) . A comprehensive summary of the derivatisation agents and the suitable detection method are presented in Table 6 .
Detection of isocyanates
High-performance liquid chromatography (HPLC) as a separation technique coupled to either a UV/Fluorescence (UV-FL) detector or a mass spectrometer (MS) is the preferred method for the detection of isocyanates from a range of different matrices, see Table 6 . Analyte separation in HPLC occurs when a pressurised solvent, the mobile phase, containing the analyte in a mixture with other compounds passes through a column filled with a solid adsorbent material, also called stationary phase. Each compound in the mixture will retain on the stationary phase slightly different, causing a separation of the compounds as they elute from the column.
Many compounds in solution absorbs visible light and/or UV light. A UV detector coupled to an HPLC continuously measures the intensity of light with a specific wavelength passing through the mobile phase containing the target analyte, and compares it to the intensity of the light before it was passed through the sample (Lough & Wainer 1996) . Since compounds will absorb specific wavelengths, they can be identified according to the absorbance. In addition, some compounds absorbs light at one specific wavelength and emits light in another wavelength (Lough & Wainer 1996) . This is utilised in FL detectors. UV detection and FL detection are often combined into one detector in modern instruments.
MS is a detection technique based on the measurement of the mass-to-charge (m/z) ratio of ionised analyte molecules. The obtained m/z ratio from an analytes can then be identified by correlating the mass with that of a specific molecule and/or by identifying characteristic fragmentation patterns that may occur during ionisation (de Hoffman & Stroobant 2007) . In order to ionise the analytes in a solution there is need to transfer the molecules in to gas phase. One of the most widely used ionisation techniques is electrospray ionisation (ESI), which applies a high voltage to the mobile phase to create an aerosol within the ionisation chamber (de Hoffman & Stroobant 2007) . The droplets of solvent are then vaporised by heating up the ionisation chamber situated prior to the MS inlet.
HPLC-MS has the advantage of a wide mass range in combination with high sensitivity and high selectivity, which is essential for the analysis of low concentration analytes in a complex matrix such as fire effluent. With matrices with a lower expectancy of interfering compounds, such as air samples, some studies use HPLC-UV or HPLC-UV/FL detectors such as diode array detection (DAD), see Table 6 . The selectivity of UV-FL absorbance detection for isocyanates is described as good for air samples (Ceballos et al. 2011) . However, this detection method generally suffers from slightly lower limit of detection (LOD) than MS, and a lower selectivity, especially in complex matrices (Corradini et al. 1998 ). In addition, fire effluents are also likely contain polyaromatic species that can interfere with the UV/FL detection.
When analysing derivatised airborne isocyanates by HPLC coupled to tandem MS (HPLC-MS/MS), a majority of the studies reports use of a ESI in positive as an ionisation source (Pronk 2006; Sennbro et al. 2004; Dahlin et al. 2008a; Boutin et al. 2006; Thomasen et al. 2011) . ESI as ionisation technique has the advantage of very little in-source fragmentation, meaning that the molecular ion can always be observed (de Hoffman & Stroobant 2007) . When combining the ESI with MS/MS, the possibility to quantify analytes by collision induced disassociation (CID) methods can be used to further enhance selectivity (de Hoffman & Stroobant 2007) . This selected reaction mode (SRM), also known as multiple reaction monitoring (MRM) depending on instrument vendor, requires a selected intact analyte molecular ion after the ionisation to pass through the first analyser, in order to be fragmented in a collision cell to allow the second analyser to detect its specific product ions (de Hoffman & Stroobant 2007) . Although SRM methods in general are widely used for the quantitative analysis of airborne isocyanates, some of the drawbacks are laborious method development in comparison to other techniques discussed, the lack of post-acquisition reinterrogation of the data other than the ion transitions already programmed in the method and the dependence on analytical standards. Some studies have reported on the use of proton transfer mass spectrometry (PTR-MS) for the analysis of isocyanate-DBA urea derivatives (Gylestam et al. 2011 ). The method described by Gustavsson et al. (Gustavsson et al. 2010) and Gylestam et al. (Gylestam et al. 2011 ) offered a continuous and real-time analysis of airborne isocyanates as well as very little in-source fragmentation (Gylestam et al. 2011) . However, one drawback of using the PTR-MS is the severe fragmentation of some alkenes, rendering in complex spectra without the presence of the molecular ion (Hewitt et al. 2003) , making the method more suitable for applications in analysing aromatic isocyanates.
Internal standards
When considering derivatisation reagents for quantitative studies, the use of internal standards are important, as they compensate for variations in the sample work-up procedure as well as in detector response (Remane et al. 2010) . Studies have reported the use of deuterium labelled isocyanates, generated from thermal degradation of carbamate ester derivatives of the corresponding deuterium labelled amines, as internal standards (Karlsson et al. 1998; Karlsson et al. 2000; Karlsson et al. 2002) . However, this process is time consuming and laborious (Karlsson et al. 2005) . Therefore, the use of internal standards with deuterium labelled reagents, such as d 9 -DBA or d 18 -DBA as well as d 3 -1-2MP, have been developed (Marand et al. 2004; Henriks-Eckerman et al. 2002; Sennbro et al. 2004 ). An increase of instrumental precision for HPLC-MS/MS with the increase of the number of deuterium in the molecule has also been reported (Karlsson et al. 2005) .
Conclusions
Isocyanates are used in the production of flexible and rigid foams for insulation in buildings as well as in paints, varnishes and as hardener for paints and lacquers. In addition, the global demand of isocyanates is predicted to increase in the coming years. Isocyanates are highly reactive compounds, with associated with several adverse health effects after exposure, such as respiratory sensitisation causing lifelong asthma, inflammations to the respiratory tract, hypersensitivity pneumonitis and potentially cancer, associated with exposure. Although there are studies on the acute toxicological effects of isocyanates, such as investigations on MIC after the Bhopal disaster, most toxicological studies are nowadays focused on occupational risks after chronic, low-dose exposure. Several studies report a good correlation between isocyanate exposure and measurements of amine derivatives of isocyanates in urine. However, further research on the toxicokinetics and metabolism of isocyanates is needed in order to select the most suitable biomarkers as well as establish a definitive correlation between exposure concentration and biomarker concentration.
The most well studied materials for the generation of isocyanates during thermal degradation of materials are PUR and PIR foams. There are currently significant data gaps in the knowledge of how to sample and quantitate isocyanates from fire effluents. Despite the complexity of determining isocyanates in fire effluents, recent advances in both sampling as well as analytical techniques have contributed significantly to optimising these methods. The most common sampling method for isocyanates generated from fires is an impinger-filter sampling technique using DBA as derivatisation agent. Due to the favourable reaction kinetics, this method is suitable for quantitative analysis. Sampled isocyanates are generally analysed by HPLC coupled to either UV/FL or MS detectors. Although the selectivity is described as good for isocyanates sampled in air by HPLC-UV/FL, MS/MS detectors are to prefer when analysing more complex matrices, such as fire effluents, due to better selectivity and sensitivity, especially when internal standards are used. Continuous improvements in investigating the generation of isocyanates from thermal degradation of materials as well as sampling and analysis are expected in the future. 
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